The present review deals with three major aspects of reproduction in molluscs: the anatomy of gonads and secondary sex organs; the reactions involved in the discharge and fertilization of the sex cells; hermaphroditism and sex change.
ANATOMY
In the primitive type of reproductive system found in Amphineura, in many bivalves, and in certain archaic Prosobranch gastropods, the germ cells are shed directly into the surrounding water and the fertilization of eggs takes place outside the maternal organism. A more elaborate system for the transmission of spermatozoa by means of copulatory organs has developed to various degrees of complexity in gastropods. Essentially this system is formed by the extension and differentiation of the male genital opening accompanied by the development of various accessory glands on the walls of the genital glands. In the cephalopods, sperm, enclosed in highly specialized spermatophores, are transmitted to the female by the modified arms. In some species the latter organs detach themselves from the animal and attain a certain degree of independence which permits them to swim over a considerable distance.
In spite of great variation one primitive characteristic is common to all the molluscs, namely, that the inner cavity of the gonads corresponds to the coelom and the sex products are discharged into the pallial cavity through the gonoducts which in many species retain connection with the nephridia.
The evolution of the reproductive organs from a most simple gonad found in bivalves, devoid of any accessory organs, to the most complicated system of pulmonates and cephalopods follows different patterns which serve to increase the chances for fertilization of eggs, to make possible correct timing of spawning and selective mating by various tropismatic reactions, and to promote survival of the progeny by various means of protection of developing eggs. By these methods a high level of population density may be maintained.
The gonad of the bivalves is a paired structure which in some species is fused in the middle. Its body consists of an acinous gland with many ramified blind tubules which open into ciliated canals. The latter join into a gonoduct through which the sex cells are discharged into the pallial cavity ( Fig. 1) . These ducts are usually short and ciliated, and they have no glands. In Nucula and some other genera, the sex gland opens into the nephridia and the sex cells are discharged through a common genitorenal duct.
The gonad may be located at the base of the visceral mass or in front of it, as for instance in Neotrigonia. More often, however, the sex glands extend into the mantle (Mytilus, Yoldia) and into the surface of the visceral mass, in which they form a ring-like layer, as for instance in oysters, clams, and pearl oysters (Pinctada sp. ) . In some bivalves marked pigmentation distinguishes the ovaries from the testes (sea scallop) while in others there are no such differences between the sexes. In hermaphroditic Pandora, ovaries occupy a dorsal position and are clearly separated from the more ventrally located spermaries. Such a topographical difference is not found, however, in the hermaphroditic species of oysters ( O. edulis, lurida) in which eggs and sperm may develop in any part of the gonad.
The bulk of the gonad greatly varies with the season. The fully developed gonad of C. virginica forms a layer several millimeters in thickness, and in exceptional cases it may exceed 10-12 mm. The highest gonad development is reached shortly before (273) spawning. At such a stage the ovary or the testis of C. virginica may form over 40% of the total body volume and weight, exclu- FIG. 1 . Transverse section o£ an ovary of sexually mature Crassoslrea virginica preserved during ovulation. Eggs are passing through a short gonoduct. Kidney reservoir on the top. X 50.
sive of shell. After spawning and absorption of the remaining ovocytes by phagocytes, the gonad is reduced to a few narrow islets of germinal epithelium. At this indifferent stage the sex of the mollusc is not recognizable.
DISCHARGE OF GAMETES AND FERTILIZATION
Accessory sex organs are absent in the bivalves. The dispersal of eggs by the oviparous species, or of larvae by larviparous forms, is accomplished by the coordinated action of the adductor muscle, the epithelium of the gills, and the edge of the mantle.
In the majority of bivalve species the eggs are fertilized outside of the maternal organism and are left to their own fate. In fresh water Unionidae and some marine species, the eggs are incubated inside the female. In the simplest form this parental care of the progeny is accomplished by retaining the eggs inside the gills between the gill lamellae (Ostrea edulis, O. hirida) . In fresh water Unionidae (Fig. 2 ) the gill tissue is modified to form brood chambers of various degrees of complexity. In Sphaerium the cells of the chambers supply glycogen, which is utilized by the embryos (Couteaux-Bargeton, 1948) .
The oviparous molluscs as a rule produce an enormous number of eggs, the majority FIG. 2 Fig. 13 , H. N. Gould, 1952, J. Exp. Zool., 119:131, with permission.) of which perish before completing larval development. In other molluscs the apparent tendency for the economy of gametes is accomplished in various ways: by the elimination or shortening of the pelagic life of the larvae, as for example in Macoma and Nucula which lay only a few eggs; or by the failure to shed the sex products unless close to one of the other sex, as in the gastropod Patella, in some chitons, and in Haliotis. Further evolution in the structure of organs of reproduction results in the appearance of special genital ducts and copulatory organs which convey, receive, and store the sperm for internal fertilization; in the development of the glands which secrete protective membranes for eggs; and in the development of special accessory organs used for sexual stimulation in mating.
A special organ of copulation, the phallus, of gastropods is usually a conspicuous organ noticeable without dissection. The development of the phallus is accompanied by the appearance of the seminal vesicle for the storage of sperm and the spermiduct, as can be seen, for instance, in the anatomy of Crepidula plana (Fig. 3) . The sexual dimorphism is frequently, but not always, expressed in the difference in size-the males being considerably smaller than the females (Fig. 4) .
The greatest complexity of reproductive system is attained in pulmonates. The organs of reproduction of these snails consist of the following main parts (Fig. 5) : the hermaphroditic gland or ovo-testis (o.t.) and its duct (h.d.) ; the uterine enlargement of the duct (w.); the receptacle for storage of sperm which opens into the female gland (r.s.); albuminous gland (alb.g.) which secretes the egg membranes; finger-shaped accessory gland (a.c.g.) ; calciferous gland and sac full of calcite darts (d.s.) or arrows used in sexual stimulation. The male counterpart of the apparatus also begins with the ovo-testis from which the sperm is discharged through the spermiduct or vas deferens (v.d.) ; it has a phallus (p) with a long, hollow caecum or flagellum which secretes the spermatophores used for the transmittal of semen. In some gastropods the sper- FIG. 4 . Two successive stages in the development and absorption of phallus in Crepidula nummaria, from the mated male (right) to female phase (left). The phallus is absorbed and the uterus and ovary developed instead of seminal vesicle and spermary of the male. Adapted from W. R. Coe (1938 matophores are furnished with denticulations, hooks, and similar structures {Nania wallacei) and are highly complex. It is apparent that an elaborate physiological control is necessary for a harmonious function of so many different parts.
Interesting dimorphism of male sex cells is found in many prosobranch gastropods. Their gonads normally contain two types of sperm: the ordinary spermatozoa with an oval or round head and long, slender tail; and the much larger sperm without nucleus, with undulating membranes instead of a flagellum, and large hexagonal bodies (Fig.  6 ). This type was described as vermiform, apyrene, oligopyrene, and giant sperm (Meves, 1903; Kushakewitch, 1913) . They are less numerous than the ordinary sperm and are not capable of fertilizing eggs.
The apyrene sperm of Viviparus are over 100 fx long. They swim like spirochaetes and serve as carriers for the transport of a large number of normal spermatozoa which attach to them by their heads. In Clathrus, Janthina, and probably in Cerithiopsis, the apyrene spermatozoa are used for active delivery of normal sperm into the oviduct. In Strombus bituberculatus after copulation they are found only in the uterus but never in the seminal receptacles which are crowded by normal sperm. Reincke (1914) FIG. 6. Apyrene (left) and eupyrene (right) spermatozoa from the uterus of Strombus bitubercnlatous. From E. K. Reinke (1914). substance which facilitates the insemination of eggs.
The dimorphism of male sex cells in Prosobranchia may be considered as a special adaptation for successful breeding of molluscs by delivering fertile spermatozoa to the uterus and maintaining them during storage.
The evolution of the reproductive apparatus of cephalopods follows a somewhat different direction. The male organs are of particular interest. The testis develops as a specialized portion of the coelomic wall. The spermatozoa pass through the so-called genital capsule into the spermiduct which opens externally into the pallial cavity either on the right side as in Nautilus or on the left side in Dibranchia. One or several glandular pouches on the spermiduct of Dibranchia show further specialization. They develop into the vesicula seminales and the prostate and form the terminal reservoir or Needham's sac for the storage of spermatophores. The sperm entering the initial part of the spermiduct is free; in the first glandular pouch it becomes surrounded by an envelope which is an invaginated tube, the deeper part of which constitutes a storage reservoir, and the more external part of which is greatly contracted and coiled into a spiral. In many species the spermatophores are small (Racovitza, 1894a (Racovitza, , 1894b but in Eledone they attain the length of 8 cm and in some Octopoda they are much longer. The longest ones appear to belong to the Pacific species, Octopus honkongensis; some of them when uncoiled were found to be almost four feet long (Lane, I960).
The organ of copulation reaches a high degree of development in Nautilus. It is made of four modified tentacles, usually on the left side of the body. The arms are united to form a projection surrounded by a glandular area. This structure is called the spadix. In Loligo, Sepia, Rossia, and others, one arm is modified into a copulatory organ, the hectocotylus, which in some Octopoda ( Fig. 7 ) becomes autonomous; when detached it is able to live and move until it penetrates into the pallial cavity of a female, attaches itself near the genital aperture, and releases the spermatophores.
The length of the hectocotylized arm greatly varies in different species. It reaches the very large size of about 16 inches in the octopus Ocythoe tuberculata, while the body of the male rarely exceeds 10 inches. Before detachment the arm remains coiled in a sheath or sac (Fig. 8) .
The discovery of the male paper nautilus, Argonauta argo, is a famous page in the history of zoology. In 1827 Stephano delle Chiaje (quoted from Lane, 1960) found a small organism attached to the female argonaut and mistook it for a parasitic worm. Two years later Cuvier described it as a parasite and named it Hectocotylus octopodis, the generic name meaning "the arm of a hundred suckers." The error persisted until 1853, when Heinrich Muller published the first correct description of the male. The term hectocotylus survived and denotes now the modified arm of a male cephalopod. FIG. 8 . Side view of the male Ocythoe lubercutata (A); (B)-detached and uncoiled hectocotylus arm. fl.-flagellum; k.-capsule of the arm's tip; st.-stalk of the hectocotylus; I-IV-the four arms of the left side of the body; 1-4-the arms of the right side. According to G. Jatta, 1896 . From J. Meisenheimer, 1921 The view found in zoological literature that the male argonaut is a parasite on a female body is not substantiated by observations. Males of this species were collected in plankton hauls and apparently are capable of living independently of females.
SEXUAL ACTIVITIES
The sexual rhythm is a cyclic phenomenon which starts with the development and maturation of sex cells and ends with their discharge. It may be of short duration repeating itself every month, as for instance in the tropical marine bivalves, or it may be seasonal and coincide with the rise of temperature to the optimum level typical for a given species (Orton, 1920; Coe, 1933 Coe, , 1936a Coe, , 1936b Korringa, 1957; Giese, 1959) . A good example of such seasonal periodicity may be found in the American oyster, Crassostrea virginica, from the North Atlantic states. The proliferation of sex cells starts in this oyster with the onset of warm weather early in April and reaches the climax in the warmest months of the season, July and August. In the males the act of spawning begins with the liberation of sex cells from the follicles. Strong ciliary action piopels the sperm through the genital ducts info the epibranchial chamber and on to the outside. No other organs are involved in this simplest form of male spawning act. The release of mature spermatozoa can be triggered by a sudden rise in temperature or by various chemical substances, some of which may be normally present in the water while the others never occur in natural environment. The spawning of the male is provoked by the eggs or egg water of the same species, by the eggs and blood of other bivalves, and by thyroidin, various sugars, egg albumen, and extracts of sea weeds (Galtsoff, 1930 (Galtsoff, , 1940 . A ripe male oyster responds to these substances within a few seconds after their application to the mantle edge and gills. At the height of the spawning season the shedding of the sperm, once started, may continue for hours until the male is almost completely spent. Frequently, however, the shedding of sperm induced by chemical stimulus lasts a short time, from a few seconds to several minutes, but may be immediately repeated by the additional dose of stimulant. The sperm is dispersed in the surrounding water by the cloacal current without the assistance of the genital opening in the epibranchial chamber ( Fig. 1) . Instead of being carried out by the outgoing current which sweeps the chamber, the eggs are forced into the water tubes of the gill lamellae, penetrate the gill surface through the ostia, and fill the pallial cavity. To observe this process in the laboratory it is necessary to remove a part of the valve and stimulate the oyster to spawn. The ciliary motion of the gills is not reversed during spawning; the eggs are forced into the water tubes by the suction caused by the rhythmical contractions of the adductor muscle (Fig. 9 , lines 2 and 3).
The pallial curtain at this moment is temporarily sealed by the opposite edges of the mantle ( Fig. 10) with the exception of a small oval-shaped opening, through which the eggs are dispersed (Galtsoff, 1938) . Shell movements during spawning are characterized by the regularity and rapid rhythm of the contractions of the adductor muscle. We have not been able to induce this behavior of the muscle with any of the drugs so far tried. The passage of eggs through the gills coincides with the moment when the adductor reaches the half-way point in its relaxation phase and the stretching of the muscle is temporarily slowed. This point is clearly marked as a short plateau or ledge on the relaxation curve (See Fig. 9 , lines 2 and 3). Upon the completion of the relaxation phase, a sharp snapping of the valves closes the shells and propels the eggs to the outside. A delicate coordination of the functions of the gills, mantle, and adductor is necessary to accomplish this reaction. It is interesting that the nature of the initial stimulus of spawning has no effect on the type of muscular contractions. This can be seen in Fig. 9 . The two lower lines are in every respect identical, although in one case spawning was induced by sperm, in another case by rapid warming of water. The spawning behavior which I have observed in Crassostrea gigas, C. angulata, and C. commercialis is identical to that described for C. virginica.
By cutting off the ligament, the shell movements can be stopped. Under this condition the eggs are not forced by suction into the water tubes of the gills but are washed away through the cloaca. They settle on the bottom in a dense mass in which only a few at the top of the heap have a chance to be fertilized. The complex mechanism for dispersal of eggs developed in the oviparous oysters obviously has value for the survival of the eggs and provides a better chance for fertilization.
Spawning of a sexually mature C. virginica may be initiated by a sudden rise of temperature, by sperm of the same or related species, or by the combined action of both stimuli. Sperm of other genera of bivalves are ineffective, and no response can be obtained with various substances which are effective in provoking the shedding of sperm. It is therefore obvious that the sexual response of the female is highly specific.
The latent period of female reaction varies from 6 to 20 minutes (Fig. 9 , two lower lines) whereas the male responds to stimulation within a few seconds. Apparently different receptors are involved in the two cases. The long latent period of the female reaction suggests the possibility that the sperm may be absorbed, probably in the intestinal tract or by the gills. It takes about 6 to 8 minutes for a small particle to be delivered by the gills to intestine. The coincidence may be significant, but direct proof is lacking. It is, however, interesting that in the males, which also can be stimulated to spawn by the sperm, the response occurs within a few minutes instead of a few seconds as in the case of stimulation by egg water and various organic substances.
The active substance which stimulates spawning is extractable from mature spermatozoa by alcohol and benzene (Galtsoff, 1938b) . The reaction initiated in the female by such extracts is not different from the effects of live sperm. Nelson and Allison (1940) reported that spermatozoa of the oyster carry another hormone-like substance which causes wide dilation of the ostia and in this way accelerates the transfer of water by the gills. They named the substance diantlin and thought that it was different from the substance which provokes spawning.
Other bivalves besides oysters can be induced by various physical and chemical methods to shed their gametes. Spawning of Chlamys varia is initiated by the gametes of the opposite sex and also by a number of mechanical and thermal stimuli such as rough handling, pinching of the mantle, and a sharp increase in temperature. Lubet (1951 Lubet ( , 1955 found that thermic stimulation and the extracts of sex cells are more effective in inducing spawning in Chlamys than mechanical stimulation and that males are more responsive than females. Similar results were observed in Mytilus galloprovincialis and M. edulis; but the emission of sperm in these species could not be stimulated by eggs or egg extract, while the fresh sperm or sperm extract are effective in releasing the female spawning. There are indications that spawning of cold water species such as ocean scallop can be initiated by the increase of temperature, but the reaction of this mollusc to other stimuli has not been studied.
Iwata (1952, quoted from Andre, I960) was able to provoke spawning in Mytilus edulis by electric current and by the injection of a 0.5 M solution of KC1.
Spawning stimuli applied to sexually mature Crassostrea virginica are sometimes effective on certain individuals but not on others taken simultaneously from the same population. The lack of response is not associated with insufficient maturity, since all individuals examined in the laboratory were found to have fully developed gonads. A similar condition has been noticed in Crassoslrca gigas of the Pacific Coast of the United States. Apparently in these cases some unknown inhibition prevented the release of gametes. Lubet (1955) studied this phenomenon in Chlamys and Mytilus and found that the periods when spawning can be induced by external stimuli coincide with the periods of exhaustion of granules of the neurosecretory cells of the ganglia. The existence of neurosecretory cells in the nerve ganglia of Gastropoda and Scaphopoda was established by the work of Scharrer and Gabe, who also found them in many species of Lamellibranchs (Gabe, 1955) . Excision of the cerebral ganglia in Chlamys and Mytilus provokes precocious spawning and the operated animals spawn much earlier than the controls. Excision of the visceral ganglia seems to retard spawning. Such retardation may be attributed to the isolation of the receptors of the mantle or to the prolongation of inhibitive action of cerebral ganglia. It seems significant that neurosecretion in ganglia cells precedes gametogenesis and that maximum accumulation of neurosecretory products occurs at the time of maturation of sex cells. The demonstrated absence of such secretion in the recently spawned-out animals may be interpreted as a condition which renders them receptive to the spawning-producing stimuli. The release of the inhibition in the molluscs with the excised cerebral ganglia confirms Lubet's hypothesis. His studies indicate that the spawning reaction of bivalves is definitely under the control of the nervous system. Spawning of many bivalves under natural conditions is usually associated with a rise in temperature, although the exact level of temperature at which different species spawn varies greatly. This led to the assumption of the existence of a critical spawning temperature which acts as a trigger in releasing the germ cells. Observations by several biologists that the spawning of C. virginica at different latitudes frequently takes place at different temperatures, usually higher in the south and lower in the nortli, was explained by assuming the existence of distinct physiological species or races (Stauber, 1950; Loosanoff et al., 1951) . Experimental evidence is not in harmony with this view. It has been shown in my laboratory that ripe adult female oysters taken simultaneously from the upper part of Buzzards Bay respond differently to thermic stimulation. Some of them spawned at a rise in temperature from 19-20° to 22-23°, while others, tested at the same time, required additional stimulation by sperm. Within the same population some individuals were able to spawn at 25-26° C, while others required 30° or even 31-32° C. Oysters unable to spawn at 25-26° C or at higher temperature were induced to spawn at those temperatures by the addition of sperm. It is unreasonable to assume that these individuals of common origin and living together belonged to different physiological species or races. The concept of "critical temperature" is inapplicable to the spawning of the American oyster. The responsiveness of the female to various degrees of stimulation depends on its "critical" state of ripeness rather than on specific temperature. In view of Lubet's findings, it appears reasonable to assume that this state is determined by the presence or absence of neurosecretory products. Only breeding experiments, which so far have not yet been made, can prove the existence of distinct "races" which require different temperatures to initiate ovulation. Korringa (1957) observed that the three populations of O. edulis living at different latitudes release their larvae at three temperature levels (17.5°, 20°, and 25° C) and differ also "in the amount of warmth required for maturation of the sex products." Paradoxically, the population with the highest breeding temperature (25° C) is found at the northernmost fringe of distribution of the species near Bergen, Norway, and the "race" able to breed successfully at the 15° level lives at the southern limit of range near Vigo, in Spain. He explains this strange situation by the hydrographical conditions prevailing in these localities. No experimental evidence was presented by Korringa in support of this conclusion.
A suspension of fresh sperm or eggs always contains a certain amount of blood. It is therefore possible that blood of the spawning female may contain some stimulating substance. In the experiments conducted in my laboratory, the blood was collected from a female in which spawning was induced by raising the temperature. The 1 ml of blood withdrawn from the pericardium was immediately injected into the visceral mass of another ripe, but not spawning, female. The results were negative. Lubet (1955) repeated these experiments using Chlamys varia and Pecten maximus; he confirmed my finding that a spawning hormone is absent in the blood of the female.
With the greater complexity of the reproductive system of gastropods and cephalopods, their sexual activities become very elaborate. The mating in these molluscs involves several steps beginning with sexual recognition, followed by courting, copulation, deposition of eggs, and parental care of embryos and larvae.
Many marine gastropods have the tendency to climb over vertical surfaces above the bottom. The negative geotropism greatly increases during the breeding season, with the result that eggs of such snails as Urosalpinx cinerea, Thais haemastoma, Tritonelia japonica, and others are laid above the bottom on rocks, sticks, sea walls, and various submerged objects. This behavior is successfully utilized by shellfish growers for trapping the snails in wire bags filled with shells and rocks, or by using bamboo sticks placed on the oyster bottom. The latter method is widely employed in the delta of the Mississippi River to control the inroads of Thais haemastoma, which is highly destructive to oysters. The laying of eggs by one conch attracts the others and soon several egg-laying females are found on one stick while other sticks nearby contain none. Huge masses of egg cases are collected in this manner.
The highest complexity of sexual activities is reached in land snails and slugs. The FIG. 11 . The mating of Octopus vulgaris. The male has attached itself to the wall of the aquarium and extended his hectocotylus (h) into the mantle cavity of the female. From J. Meisenheimer, 1921. crucial point in the mating of these animals is the transfer of sperm, enclosed in a spermatophore, to the genital opening of the partner. The spermatophore is covered with a chitinous envelope which is secreted inside the tubular outgrowth of the copulatory organ, the so-called flagellum. The pairing animals entwine together for several hours, being enclosed in a copiously secreted mucus. They perform a complicated act which the German zoologists of the past century called "Liebesspiel" or love game. The land snails, Helix, at the beginning of the act throw sharp, calcareous arrows, the love darts or "telum amori," and exchange them by lodging these weapons in the integument, sometimes inflicting serious wounds. This behavior precedes copulation and serves to enhance the sexual stimulation. Sometimes the wound is too severe and the partners move away. The actual transfer of spermatophores is assisted by the secretion of special mucous glands near the mouth of the vagina (Meisenheimer, 1907) .
The behavior of the hectocotylyzed arm of cephalopods is of great interest, but unfortunately the physiology of this semiindependent organ is not known. One must assume that hectocotyli are equipped with an adequate nervous mechanism for proper orientation in reaching the female and for depositing the spermatophores in the precise position in front of the female's genital opening during copulation.
Courtship and mating of the octopus (Racovitza, 1894b) and Sepia (Tinbergen, 1939) starts with the location of the female by the male. As soon as the animals are near each other the male displays optical signals by means of color change, assumes a special posture, and moves its body in a peculiar manner. These actions are apparently recognized by the female (Fig. 11) .
The nuptial coloration of Sepia is very conspicuous. It consists of zebra-like white and colored stripes on the body and a deep red coloration of part of the head. In assuming nuptial position the male extends sideways the fourth (ventral) arm, changes its color, and widely opens his eye on the side of the outstretched arm. The throwing of large quantities of water, biting and chewing the partner while holding each other in the arms are of common occurrence among the sexually excited animals. Because the color change is due to the contraction and expansion of chromatophores, one may suspect neuro-hormonal control of these reactions; but the problem has not been studied experimentally, probably because of the great difficulty involved in surgical operations on these animals, which are difficult to keep in captivity.
The mating of the common octopus of Europe may last for several hours or even a whole day. Maternal instinct is present. The interesting behavior of a female octopus of the Pacific Coast during mating and in protecting the newly laid cluster of eggs was described by Fisher (1923) and Fox (1938) .
The copulation of squids is best known through the work of Drew (1911) Drew, 1911. pealii.
An elaborate courtship precedes mating. During the preliminary act the male squid swims alongside the female, spreading his arm and displaying a dark red color caused by the expansion of its chromatophores. He may come in contact with the female, grasping her around her head with his arms, with the lower sides of both animals in close contact (Fig. 12) . At this moment the hectocotylus plucks out a bunch of spermatophores and inserts them into the mantle cavity where they become attached near the oviduct. In another position the two animals join their heads and the spermatophores are placed on the buccal membrane of the female. The squid's spermatophore is a very complex structure equipped with a special reservoir for sperm, ejaculatory apparatus, and a cement body.
The immobile sperm inside the spermatophores are activated by contact with sea water and released through the ruptured reservoir. At this time the eggs are laid and fertilized. Large numbers of spawning males and females, which at other times live separately, gather together and attach large egg masses to the common pile. The fertility of some cephalopods is enormous. Scripps Institute recorded several instances in which fishermen were not able to raise their nets heavily laden with the eggs of the Pacific squid Loligo ojxilescens. On another occasion an area of about 200 acres of sea bottom near Lajolla, California, was covered with the eggs of this species. The European squid, Loligo diilgtnis, was reported to lay up to 42,000 eggs in one egg mass (Lane, 1960) .
SEX CHANGE
With the exception of the cephalopods, in which the sexes as a rule are separate, the gonads of other classes are unstable and may alternate from male to female or vice versa. Hermaphroditism is encountered in many gastropods and in a few bivalves. The alternations of sexuality in the larviparous oysters and in Teredo are probably the best known examples of the sex changes which take place in molluscs.
In the so-called hermaphroditic molluscs (Ostren edulis, O. htricla, and Teredo) each normal individual shows a tendency toward rhythmic alternation of functional sexual phases. Several of these phases may be completed in a lifetime, starting with a protandric bisexuality which is generally characteristic for the earliest sexual stage. Sparck (1925) showed that O. edulis in Limfjord, Norway, is a protandric alternating hermaphrodite, in which the spermproducing period is followed by the period during which eggs are formed, and then again the gonad shifts to the production of sperm. The genital cells not used in the current summer may be utilized in the next breeding period. The interval between the two consecutive female phases is shorter the warmer the water. The sequence of malefemale phases is variable (Orton, 1927 (Orton, , 1933 and other combinations such as: male -female-female; male-male-female; and a rare change of female-male-female take place in Oslrea edulis and in Teredo.
Histological studies show that the gonad of the American oyster is essentially bisexual. In young Crnssoslrea virginica the optical layer of gonad follicles consists of ovogonia surrounding the spermatogenic cells. The inherent tendency of oysters toward an alternation of sexuality is probably influenced by environmental conditions aborting one or the other phase. More favorable environment stimulates the growth of ovogonia (Coe, 1936a (Coe, , 1936b but neither season, temperature, nor ecological conditions can alter the inherent sequence of sex change. Outside influences may, however, prolong or shorten the durations of sexual phases and affect the number and proportion of the gametes in young oysters (Coe, 1932) .
The adult C. virginica functions each breeding season either as a male or as a female. Sex change in this species takes place between the two breeding seasons and occurs in a relatively small percentage of the population. In this way C. virginica differs from the larviparous O. edulis or O. lurida, in which the male and female phases follow each other with more or less regular rhythm (Coe, 1934) .
The young of C. virginica are predominantly male. The percentage of females at the first breeding season is highly variable (from 3 to 33%) in different localities and at different years (Coe, 1936a ). An approximate 1:1 sex ratio is usually established in the two-year-old class. In older specimens the sex change is less regular. Needier (1932) and Amemiya (1929) demonstrated this for the adults of C. virginica and C. gigas respectively, by determining the percentages of sexes in two samples taken during two consecutive years, and by histological examination of excised pieces of gonad and the marking of the individuals which were examined. Injury to the tissues, which might affect the gonad, can be avoided by determining the sex of ripe oysters by inducing each of them to spawn individually and by repeating the procedure in the following years. Using this technique I ob- served the spawning of 202 adult oysters from Long Island Sound and determined the sex changes that took place in each of these animals during consecutive years. The oysters were four years old at the start of the experiment. Each of them was stimulated to spawn by raising the temperature of the water; the spawning reaction was recorded on kymographs; the sex was detei --mined by microscopic examination of the discharged sex cells; and an identifying number was engraved in the right valve. After the laboratory test was completed, the oysters were returned to the outdoor tanks or placed in cages in the harbor where they were kept until the next spawning season. The procedure was repeated for five consecutive years. The results presented in Table 1 show the changes in the sex ratios which occurred during this period.
The prevalence of males at the start does not represent the normal sex ratio among four-year-old oysters. The males as a rule are more responsive to stimulation and more readily react to the increase in temperature than the females. Stimulation by adding sperm was avoided in order not to miss the possibility of finding a hermaphrodite. It is apparent that the percentage of females suddenly increased in the sevenyear-old oysters. The tendency toward retaining the female phase is more clearly seen by examining the sex-reversed oysters which survived for four years and during this time alternated their sex once or several times. The sequence and frequency of changes in these oysters from male to female or vice versa does not follow a distinct pattern (Table 2) .
At the start the group of 31 four-year-old oysters consisted of 23 males and 8 females.
By the end of the fourth year (the fifth year in which sex was determined) there were 11 males and 20 females. No distinct pattern is apparent in the rhythm of changes except the greater persistence of the female phase. One oyster of the group changed its sex every year: M-F-M-F-M. The inherent tendency toward an alternation of sexuality in the oviparous species is well pronounced among the year-old class (Coe, 1936a) but in a few oysters it persists throughout their life.
The change from male to female is accompanied by changes in the spawning behavior which is manifested in the type of
OISTER Mb

Malo in 1936
faaale in 1937 muscular contraction curve and in the discharge of eggs through the gills (Fig. 13) . Frequently, however, a fully developed female reaction appears in sex-reversed oysters only toward the middle of the breeding season while the first spawning reaction of the season may still be of the male type, i.e., the eggs are discharged through the cloaca in a male-like fashion (Fig. 14) . Toward the end of the breeding season full female characteristics are reestablished and the eggs are dispersed through the cloaca. The change from female to male is always complete with the alteration of sex in the gonad. The spawning record of a hermaphroditic oyster (Fig. 15) combined the characteristics of both sexes. Eggs and sperm were discharged through the cloaca, and the rhythmical contractions of the adductor muscle were not fully developed. .^J^JJIILUJXIALUJLK
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Ua« l c U r a l -1 ainuU FIG. 13 . Spawning reactions of sex-reversed oysters. Cxmiplete change in beha\ior from male to female phase (upper part) and from female to male phase (lowei pait;. been already discharged. Consequently, nontypical spawning reactions can be observed at the very end of the breeding period. The record reproduced in Fig. 16 illustrates the point. The last and very light spawning of the oyster is atypical; (2nd line), the eggs were discharged through the cloaca and the pallium remained wide open.
The sex change of the gastropod Crepidula (Gould, 1952; Coe, 1936c ) is of particular interest because of the apparent effect of association of the mollusc with individuals of the opposite sex. Crepidula fornicata forms a group of individuals attached in the form of a chain with the youngest and smallest male on the top. The oldest specimens at the bottom of the chain are mature females, while the hermaphrodites are in an intermediate position. Isolation of the male promptly terminates the male phase. The changes from male to female in this and other species can be accelerated or inhibited, but the sequence can not be altered. Coe (1936c) found no evidence of action of a masculinizing hormone which may have emanated from the female. He offered the suggestion (not supported, however, by experimental evidence) that stimuli received by the male through sense organs are of such nature as to influence masculine characteristics, presumably by the mediation of hormones secreted within the body. Sex changes in Crepidula offer an excellent opportunity for experimental study of the physiology of sex change, but the problem has not yet been adequately explored.
In several gastropods the change of sex from male to female phase may be correlated with the increase in body length. This has been shown for Patella coerulea (Orton, 1927; Bacci, 1947) and for Fissurella nubecula and Calyplraea chinensis, a species closely related to Crepidula. The problem was recently reviewed by Montalenti (1958) and, therefore, will be only briefly mentioned here. In Patella coerulea the predominant number of individuals at the beginning of life are functional males. Some of them later change sex and become females, but the transitional phase when both sperm and eggs are formed in the gonad is very short. The correlation between the percentage of individuals in the male phase and body length is clearly shown in the curves published by Bacci (1949) . In the case of Calyptraea chinensis (Bacci, 1951) , the sex change is very abrupt at the size of 6-9 mm when the percentage of males drops to zero. Bacci believes, however, that approximately 8% of individuals of Patella coerulea consist of primary females or males. This group comprises small females which did not undergo a previous male phase and large males which apparently are not going to become females. The larger percentage (15%) of individuals that undergo sex change is found in the size class of 20-22 mm. The frequency curve of changes declines symmetrically from this peak to the 7% level in the 14-16 mm class and to about 5% in the 26-28 mm class.
The presence of pure males and females in the population seems to support the hypothesis that sex variability in Patella and other gastropods is genetically determined. On the basis of such observations Montalenti and Bacci (Montalenti, 1958) advanced a theory that the time at which sex reversal occurs is mainly determined by a genetic condition upon which environmental factors may exert their role. The effect of environment on sex changes in molluscs is mentioned as a controlling factor by Coe and others, but so far no experiments have been undertaken to determine those factors of environment which influence the frequencies and the direction of sex change.
